Overlapping cDNA clones spanning the entire coding region of a Na-channel a subunit were isolated from cultured Schwann cells from rabbits. The coding region predicts a polypeptide (Nas) of 1984 amino acids exhibiting several features characteristic of Na-channel a subunits isolated from other tissues. Sequence comparisons showed that the Na, a subunit resembles most the family of Na channels isolated from brain ('80% amino acid identity) and is least similar (-55% amino acid identity) to the atypical Na channel expressed in human heart and the partial rat cDNA, NaG. As for the brain II and III isoforms, two variants of Na1 exist that appear to arise by alternative splicing. Voltage-gated Na channels, which underlie generation of the action potential of excitable cells, are composed of a large a subunit with four homologous internal repeats (each with six membrane-spanning segments) and up to two smaller ,B subunits (1, 2). Different mammalian a-subunit isoforms have been isolated from brain [brain I, II, and III (3-6) and NaCh6 (7)] and muscle (8-10). The amino acid sequences of each a subunit exhibit a high degree of identity, suggesting that they are members of the same multigene family. Another Nachannel a-subunit isoform (isolated from adult human heart and fetal skeletal muscle; ref. 11) shows only '50% amino acid identity with the previously cloned isoforms and may be a member of a distinct subfamily of Na-channel genes. The partial sequence of a Na-channel a subunit from rat astrocytes (12) suggests it is another member of this atypical subfamily.
units (1, 2) . Different mammalian a-subunit isoforms have been isolated from brain [brain I, II, and III (3) (4) (5) (6) and NaCh6 (7) ] and muscle (8) (9) (10) . The amino acid sequences of each a subunit exhibit a high degree of identity, suggesting that they are members of the same multigene family. Another Nachannel a-subunit isoform (isolated from adult human heart and fetal skeletal muscle; ref. 11) shows only '50% amino acid identity with the previously cloned isoforms and may be a member of a distinct subfamily of Na-channel genes. The partial sequence of a Na-channel a subunit from rat astrocytes (12) suggests it is another member of this atypical subfamily.
Ritchie and colleagues (13) (14) (15) showed that Schwann cells express voltage-gated Na channels whose functional properties are similar to those of Na channels expressed in excitable issues (16, 17) . We have now isolated and characterized overlapping cDNAs$ isolated from rabbit Schwann-cell RNA that constitute a continuous open reading frame that encodes a Nachannel a subunit that we have provisionally named Nas. We detect expression of Nas in the sciatic nerve and several central nervous system regions but not in several nonneuronal tissues.
Some of the results have been published (18) .
MATERIALS AND METHODS
RNA Isolation, cDNA Library Construction, and Screening. Rabbit Schwann cells were isolated from sciatic nerve and cultured as described (16) . Total RNA was extracted (19) and used to construct a AZAP cDNA library (Stratagene), which was screened at low stringency with a probe from a highly conserved region near the 3' end of the rat brain II isoform. Two span nt 3451-4793 and nt 4446-5779, respectively, of the Nas coding sequence (Fig. 1 ). Amplification and Cloning of cDNA 3' Ends. Sequences downstream from RSC2 ( Fig. 1) were isolated by using a 3' rapid amplification of cDNA ends (RACE) strategy (20) . Reverse transcription (RT) of total Schwann-cell RNA and PCR amplification of the resulting cDNA (RT-PCR) were performed according to Frohmann (21) . The 3' end of the coding sequence was amplified by PCR using a 5' primer identical to nt 5256-5274 and a 3' adapter primer. Resulting PCR products were digested with Sal I (Life Technologies, Grand Island, NY) and cloned into Bluescript SK+ (Stratagene).
RT-PCR Amplification and Cloning of 5' cDNAs. cDNAs extending 5' from RSC9 were generated by two successive steps of RT-PCR amplification using a specific 3' primer paired with a degenerate 5' primer. First-strand cDNA from 1 ,ug of total Schwann-cell RNA was synthesized from either oligo(dT) or random hexamer primers by using Superscript II (Life Technologies) by following the manufacturer's recommendations.
The first cDNA product was generated by PCR with a 3' primer complementary to nt 3481-3498 and a degenerate 5' primer based on the conserved amino acid sequence GWNIFD (nt 2410-2426) in IIS3. Amplification with this primer pair resulted in a 1088-bp product. These cDNAs were cloned into pCRII (Invitrogen) by the manufacturer's recommendations and are referred to as IIS3 (Fig. 1) . The second cDNA product was generated by using a 3' primer complementary to nt 2464-2487 and a degenerate 5' primer based on the conserved amino acid sequence KNVEY (nt 457-473) in IS2. Amplification with this primer pair gave a 2030-bp product that was cloned into pCRII and designated IS2 (Fig. 1 IThe sequence reported in this paper has been deposited in the GenBank data base (accession no. U35238).
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Amplification and Cloning of cDNA 5' Ends. The 5' end of the coding sequence ( Fig. 1) obtained by using RT-PCR-based strategies. The sequences coding for the C terminus and a portion of the 3' untranslated region were isolated by using a 3' RACE protocol. The 3' RACE products shared 532 bp of overlapping sequence with RSC2 and contained 176 bp of additional coding sequence and 320 bp of the 3' untranslated region. Additional sequence 5' of RSC9 was obtained by two successive rounds of RT-PCR amplification using a degenerate 5' primer and a 3' primer complementary to known Nas sequence. These successive amplifications yielded a i088-bp Nas-specific cDNA product (named IIS3) and a 2030-bp Nas-specific cDNA product (named IS2). The remaining coding sequence of Nas was isolated by 5' RACE PCR amplification. Fig. 1 predicted amino acid sequence of Na, is aligned with the rat brain II Na channel (its closest known homologue) and the rat I1 skeletal muscle channel in Fig. 2 .
Alignment and Comparison with Other Na-Channel ct
Subunits. Sequence comparison of Nas with the three rat brain Na-channel a subunits (brain I, II, and III) revealed that Nas is "80% identical to each of these isoforms. The degree of sequence identity between Nas and other cloned Na-channel a subunits, while somewhat less than for the brain types, is very high (Table 1 ). In general, predicted transmembrane segments are well conserved, whereas the intracellular domains are more divergent and contain a number of insertions or deletions. However, the intracellular loop (L3) between IIIS6 and IVS1 (which is well conserved across other isoforms) is also well conserved in Nas and contains the IMF tripeptide motif (residues 1469-1471; Fig. 2 ) that is essential for fast inactivation. The fourth transmembrane region (S4) of each repeat, which is thought to serve as the voltage sensor (2, 3), is extremely well conserved. The S4 segments of Nas contain basic residues (Arg or Lys) at every third position and nonpolar residues between these positively charged residues. Amino acid residues within the C-terminal (SS2) portion of the S5-S6 linker region that convey selective permeability to Na+ in other Na channels (26) are conserved in Nas (Lys-1403, Ala-1695). Nas has Tyr and Glu at residues 360 and 362, respectively, amino acids that confer sensitivity to tetrodotoxin (TTX) and saxitoxin in other Na channels (27) (28) (29) .
Phosphorylation by cAMP-dependent protein kinase (PKA) modulates the functional properties of Na channels (see, for example, ref. 30 ). All five potential PKA sites located within the intracellular loop Li (between IS6 and IISl) of the rat brain IIA channel, four of which are phosphorylated by PKA (31, 32) , are conserved in Nas (Ser-528, 548, 585, 598, and 667). Nas also contains an additional consensus PKA site in Li (Ser-487). Nas contains the consensus protein kinase C phosphorylation site within L3 (Ser-1487; Fig. 2 ) that is involved in modulating the rat brain II channel (24, 33, 34) and contains five potential N-linked glycosylation sites.
Na. cDNA Clones Reveal Alternatively Spliced Exons. Each of the rat brain II and III genes encodes two different a-subunit isoforms that result from an analogous developmentally regulated alternative splicing event (35, 36) One of the IS2 Nas cDNAs was found to contain a cluster of nucleotides that differed from those present in nine other clones at 21 positions. The differences were confined to the same stretch of 92 nt that form the alternatively spliced exons of rat brain II and III. Fig. 3 shows an alignment of this region of the two Nas variants and the corresponding alignments for the brain II and brain III splice variants. Over this region, the predicted amino acid sequence of the divergent Nas clone (NaSA) is identical to the adult (A) isoforms of rat brain II and III. The other nine Nas clones (NasN) contain two predicted amino acid differences. Residue 201 is Leu rather than Val and residue 206 (corresponding to residue 209 of rat brain II and III) is Asn rather than Asp. That the differences between the two Nas isoforms are nearly identical to the differences between the adult and neonatal isoforms of rat brain type II and III suggests that the two Nas transcripts are also generated by alternative splicing. In addition, remnants of consensus splice sites are present at the ends of the predicted alternative exons of Nas. Because our cDNA clones were obtained from Schwann cells cultured from neonatal rabbits, the apparent low abundance of the adult form of Na, is consistent with the alternative splicing of Nas being developmentally regulated. (3) , and the rat skeletal muscle (Rskm) 1L1 a subunit (8) . Gaps required for optimal alignment are shown as dots. Identical amino acids are shaded. Predicted intracellular PKA sites are indicated with an asterisk, predicted extracellular N-glycosylation sites are indicated with triangles, and the protein kinase C site involved with modulation of channel activity (24) is indicated with an inverted triangle. The IFM tripeptide is boxed.
RT-PCR Analysis of Na5 Expression. The expression of Na, and the rabbit brain II Na channel in various tissues was analyzed in RT-PCR experiments using primers and conditions that specifically amplified each transcript. The specificity of each primer set was determined by independent amplification of cloned cDNAs encoding the same region of either the Schwann cell or the brain II a subunits. The specificity of each primer pair was maintained even in reactions containing a large excess of template (400 ng). Mock cDNA syntheses (no RT) were performed with each RNA sample and the samples were treated overnight with RNase A prior to RT to control for possible contamination with genomic DNA. Products were never detected in the control samples. Experiments to determine the tissue distribution of Na, were repeated several times with independently generated cDNAs.
Expression of Na, was detected in cultured Schwann cells, sciatic nerve, spinal cord, brainstem, cerebellum, and cortex but not in lung, kidney, or liver (Fig. 4A) . In addition, Na, expression was not detected in RNA samples isolated from either skeletal or cardiac muscle (data not shown). Parallel control amplifications with primers for rabbit a-actin gave clearly detectable product for each cDNA sample. Expression of brain II was found in brain and spinal cord but not in nonneuronal tissues (Fig. 4B) . In contrast to Na,, only low levels of brain II product were detected in the samples from sciatic nerve and cultured Schwann cells and could only be visualized on autoradiographs with much longer exposure times. However, our RT-PCR results do not allow a quantitative Values are given as percentage of amino acid identity determined from alignments of Na, with rat brain (RB) I, II (3), and III (4), NaCh6 (7), skeletal muscle (SkM) (8) , cardiac muscle (9) , eel (25) , human atypical (11) , and NaG (12) Na-channel a subunits by using the GAP program from the Wisconsin Sequence Analysis Package. Inserted gaps were not counted as mismatches in determination of percentage identity. IS-IVS are the membrane-spanning repeats, L1-L3 are the intracellular linker regions, and N and C are the N and C terminus, respectively. Values listed under total are the percentage overall sequence identity. Nas A   A TAT GTG ACOG GAG TTT GTG GAC CTG GGC AAT GTC TCA GCG TTG AGA ACA TTC AGA GTT CTC CGA GCT TTG AAA ACA ATT TCA GTC ATT CCA G   L  N   Nas N   G TAT TTA ACA GAA TTT GTA AAC CTA GGC AAT GTT TCA GCT CTT CGA ACT TTC AGA GTC TTG AGA GCT TTG AAA ACT ATT TCT GTA ATC CCA G   D   Rat IIA   A TAT GTA ACOG GAG TTT GTG GAC CTG GGC AAT GTC TCA GCOG CTG AGA ACA TTC AGA GTT CTC CGA GCA TTG AAA ACA ATT TCA GTC ATT (35) and III (36) (39) failed to detect expression of hNE-Na in several tissues, including rat brain and bovine cerebellum, and concluded that hNE-Na was solely expressed in neuroendocrine cells. Our results, however, clearly demonstrate that the expression of this isoform is more widespread and includes cells of both the peripheral and central nervous systems.
